A B S T R A C T Renal prostaglandins (PG) appear to mediate renin release due to stimulation of the intrarenal baroreceptor, but not that due to activation of the macula densa. However, as the role of PG in sympathetically mediated renin release remains unclear, a possible interrelationship between these factors was examined in conscious rats. Hydralazine increased the serum renin levels from 3.1±0.8 to 16.7±3.0 ng/ml per h at a dose of 1 mg/kg. Indomethacin (5 mg/kg) suppressed urinary PGE2 and PGF2a excretion by 89 and 74%, respectively, arachidonate hypotension by 82%, and inhibited the elevated renin levels from hydralazine by 100% without altering the hypotensive effect of the drug. Another PG synthetase inhibitor, meclofenamate, was also effective in attenuating hydralazineinduced renin release, urinary PGE2 and PGF2c, excretion, and arachidonate hypotension. Isoproterenol, a nonselective beta-adrenergic agonist, increased heart rate, lowered blood pressure, and also stimulated the release of renin when administered intraperitoneally. However, intrarenal infusion of the drug only resulted in increased renin release. Indomethacin inhibited isoproterenol-induced renin release by 66 and 67%, respectively, without altering the hemodynamic effects associated with the intraperitoneal administration of the drug. The selective beta, agonist, H 133/22, in-creased the release of renin and heart rate in a doserelated manner without altering blood pressure. H133/ 22-induced renin release was inhibited by 80% by indomethacin pretreatment. Finally, intrarenal infusions of dibutyryl cyclic AMP (3 mg/kg per min) increased the serum activity from 4.1±0.2 to 20.4±3.9 ng/ml per h without altering mean arterial pressure. Indomethacin inhibited this renin response to dibutyryl cyclic
INTRODUCTION
The renin-angiotensin system is involved in the homeostatic regulation of arterial blood pressure as well as the maintenance of the elevated blood pressure in several forms of hypertension. Recently, prostaglandins have been implicated as important mediators of the release of renin from the kidney thereby controlling the activity of this system. This conclusion is based on direct evidence obtained from the administration of the prostaglandin precursor, arachidonic acid, or the various prostaglandins themselves, as well as indirect evidence with prostaglandin synthesis inhibitors. Arachidonic acid increases the rate ofrenin secretion when infused into the renal artery of experimental animals (1) (2) (3) and when added to the incubation media of renal cortical slices (4, 5) . Because this effect on renin release can be blocked in vivo and in vitro by indomethacin, an inhibitor of prostaglandin synthesis (6) , arachidonic acid must be converted to one of its prostaglandin (PG)l intermediates to exert its action (1, 4, 5) . In similar studies, intrarenal infusions of PGE, and PGE2 (7) (8) (9) (10) (11) , PGD2 (9, 10), PGI2 (11) , and intravenous infusions of PGA, (12, 13) also stimulated the release of renin; however, only the PG endoperoxides, PGG2 and PGH2, or PGI2 could increase the rate at which renin was secreted in vitro from renal cortical slices (4, 5) . Because the endoperoxides can be converted to PGI2 in the renal cortex (14, 15) , PGI2 would appear to exert a direct action on juxtaglomerular cells, and from the available evidence, would appear to be the arachidonic acid intermediate regulating the release of renin.
Additionally, drugs which block the synthesis of PG will inhibit the release of renin. Indomethacin, for example, will inhibit supine plasma renin levels (16) (17) (18) as well as those stimulated by upright posture (16) and furosemide (17, 18) . It will also reduce the hyperreninemia associated with hemorrhage (19) , Bartter's syndrome (20, 21) , acute renal failure (22) , and renal hypertension (23) . Because the sympathetic nervous system is thought to mediate the elevated renin release associated with some of these aforementioned examples and because the beta-adrenergic blocker, propranolol, can also mitigate the renin release in those same examples (24) (25) (26) , the contribution of the renal PG to sympathetically mediated renin release was investigated. In our studies, sympathetically mediated renin release was examined in three ways. First, reflex activation of the sympathetic nervous system was produced by the vasodilator, hydralazine (27, 28) . Secondly, beta-adrenergic receptors were directly stimulated by the nonselective beta agonist, isoproterenol (5, 29, 30) , and the beta, selective agonist, H 133/22 (31 (27, 28) . The blood samples were allowed to clot at 4°C, centrifuged at 4°C, and the serum separated at 4°C and stored at -20°C until assayed for serum renin activity.
In the studies involving isoproterenol and dibutyryl cyclic AMP, chronic Weeks' catheters were surgically placed in the abdominal aorta with the tip of the catheter extending above the bifurcation of the renal arteries (35) . After a 2-d recovery period, the protocol followed was similar to that previously described with oil or indomethacin administered at time zero followed in 90 min by a saline, isoproterenol (100 ng/kg per min), or dibutyryl cyclic AMP (3 mg/kg per min) intraarterial infusion at 50 ul/min for 20 min. After the infusion, the animals were decapitated, and the blood was collected as previously described. Additionally, the trunks ofthe animals were retained, and the surgical placement of the catheter was verified.
In the studies in which changes in mean arterial blood pressure and heart rate were measured, chronic Weeks' catheters were placed in the abdominal aorta (35) . After allowing 2-5 d for the animals to recover from the surgical stress, the conscious rats were placed in individual, closed cages in a quiet room while mean arterial pressure and heart rate were monitored with a Narco RP-1500 pressure transducer (Narco Scientific Industries, Inc., Fort Washington, Pa.) and recorded by a Grass model 7 polygraph (Grass Instrument Co., Quincy, Mass.). After allowing 1 h for the animals to equilibrate, a protocol identical to those described above was followed. In some animals, sodium arachidonate (8 mg/kg) was administered intravenously before and 110 min after pretreatment with a PG synthesis inhibitor, and changes in mean arterial pressure were monitored.
An additional group of 12 rats was placed in metabolism cages to allow the collection of urine. After 2 d of equilibration, urine was collected for 8 h from 0900 to 1700 from rats injected with either olive oil or a PG synthesis inhibitor. The urine was then measured, filtered, and stored frozen at -20°C until assayed for PG. Serum renin activity was measured by the antibody trapping method of Poulsen and Jorgensen (36) , and the results were expressed as nanograms of angiotensin I generated at 37°C per milliliter of serum per hour (ng angiotensin I/ml per h). Urinary PG were measured according to the method of Dray et al. (37) involving acid-lipid extraction, silicic acid chromatography, and the radioimmunoassay of PGE2 and PGF2a. The PGE2 antibody cross-reacted 14% with PGE1, but <0.5% with PGA2, PGB2, PGD2, 6-keto PGF1<,,, PGF2a, or its 15-keto metabolites. The PGF2<, antibody cross-reacted 100% with PGF1,,, but <0.5% with PGA2, PGB2, PGD2, 6-keto PGFlG,, PGE2, or its 15-keto metabolites. The sensitivity of the assays was <5 pg/ 0.3 ml.
The drugs and their sources of supply were as follows: isoproterenol (Sigma Chemical Co. Statistical analyses were performed with an unpaired Student's t test for single comparisons and analysis of variance for multiple comparisons.
RESULTS
Hydralazine caused an increase in serum renin activity (Table I) , which had been found previously to result from reflex activation of the sympathetic nervous system (27, 28) . Indomethacin reduced the control renin levels by 32% (P > 0.1, NS) from 3.1+0.8 to 2.13+0.2 ng/ml per h. Additionally, hydralazine-in- duced renin release was inhibited by indomethacin by 100% (P < 0.001). Blood pressure and heart rate remained unchanged after indomethacin alone (Table  I) . However, hydralazine significantly decreased mean arterial pressure by 21% (P < 0.001) at 20 min after its administration. At this time, heart rate was not changed from control values. In the same rats pretreated with indomethacin, hydralazine produced a similar decrease in blood pressure. Meclofenamate, another PG synthesis inhibitor (6) , similarly reduced the control serum renin levels from 3.1±0.8 to 2.8+±0.5 ng/ml per h (P > 0.1, NS) and inhibited hydralazine-induced renin release by 77% from 16 .7±3.0 to 7.4±1.5 ng/ml per h (P < 0.01) (Table I) .
Further examination of sympathetically mediated renin release used isoproterenol, a nonselective betaadrenergic agonist known to directly stimulate juxtaglomerular cells to release renin (5, 29, 30) . Isoproterenol caused a dose-related increase in serum renin activity, which was inhibited by 66% (P < 0.001) at the 10 ,ug/kg dose and by 44% (P < 0.05) at the 30 ,ug/kg dose after pretreatment with indomethacin ( Fig. 1) . Isoproterenol produced similar increases in heart rate and decreases in blood pressure at both the 10 and 30 ,ug/kg doses (P < 0.001) (Fig. 2) . However, unlike its effect on renin release, indomethacin failed to alter the fall in blood pressure or the rise in heart rate after isoproterenol.
To eliminate the systemic effects of the drug, isoproterenol was infused intraarterially, and its effect on renin release was examined (Table II) . Isoproterenol increased the serum renin levels from 4.1±0.8 to 18.7±2.7 ng/ml per h (P <0.001) without altering blood pressure or heart rate (Table II) . Indomethacin inhibited this isoproterenol-induced renin release by 67% (P < 0.01) in the absence of hemodynamic changes.
To further eliminate the involvement of hypotension in beta-adrenergically mediated renin release, the effect of a beta, selective agonist, H 133/22, was similarly tested. H 133/ 22 increased serum renin levels from 3.1±0.4 to 10.4± 1.1 (P < 0.001) and 25 .0+2.8 ng/ml per h (P < 0.001) with 0.3 and 1 mg/kg, respectively (Fig. 3) . Pretreatment with indomethacin inhibited this release ofrenin by 80% at the 0.3 mg/kg dose and 71% at the 1 mg/kg dose. Additionally, H 133/22 increased heart rate by 33% without altering blood pressure at the 0.3 and 1 mg/kg dose (Fig. 4) . Similar hemodynamic changes were observed after indomethacin with the 0.3 mg/kg dose. However, with the 1 mg/kg dose, after indomethacin, H 133/22 caused a transient, 6-mm Hg decrease in blood pressure (P < 0.05), which was not observed in the absence of indomethacin.
To further characterize beta-adrenergically mediated renin release, an agent dibutyryl cyclic AMP was used which bypasses the juxtaglomerular beta-receptor to directly stimulate the release of renin (32, 33 Each value represents the mean+SEM for six rats. Mean arterial pressure (MAP), heart rate (HR), and serum renin activity (SRA) were measured 20 min after beginning the infusion of saline or isoproterenol. Al, angiotensin I; i.a., intraarterial administration. * P < 0.001 compared with control.
4 P < 0.01 compared with isoproterenol.
intraarterial infusions failed to alter the blood pressure (109±2.5 vs. 109±2.8 mm Hg); however, heart rate was increased from 338± 18 to 402+ 16 beats/min (P < 0.05). Chlorisondamine, a ganglionic blocking agent, has been found to reduce sympathetic outflow and to stimulate renin release by activation of the intrarenal baroreceptor (29, 34) . In our studies, it lowered blood pressure from 108+±3 to 63±4 mm Hg (P < 0.001) as well as the heart rate ( Table I) . Similar results were obtained in the indomethacin-pretreated animals. Chlorisondamine alone significantly increased the release of renin. Indomethacin inhibited the serum renin levels in both the control and chlorisondamine-treated groups by 21 and 100%, respectively (P < 0.001).
Finally, the effects of indomethacin and meclofenamate on the urinary excretion of PGE2 and PGF2o, were studied (Table III) 
DISCUSSION
The sympathetic nervous system, macula densa, and the intrarenal baroreceptor are the three major factors which control the release of renin (38) . A number of investigators have used inhibitors of PG synthesis to probe the degree of involvement of the renal PG in these forms of renin release. In such studies, indomethacin was found to inhibit hemorrhage-induced renin release in rabbits (19 denervated, nonfiltering kidney, indomethacin blocked the renin release associated with renal arterial hypotension (39) . Thus, PG are thought to participate as mediators of intrarenal baroreceptor-stimulated renin release. PG synthesis inhibitors will not, however, inhibit the renin release due to sodium depletion, which is dependent upon a macula densa mechanism (40, 41) . Whereas PG participation in sympathetically mediated renin release has not been directly studied, indomethacin was found to inhibit several forms of renin release which were known to possess a beta-adrenergic component to their mechanism (hemorrhage, upright posture, etc.) (16, 19, (23) (24) (25) (26) . Furthermore, renal nerve stimulation and exogenous catecholamines were found to enhance the release of PG from the kidney (42, 43) . With this in mind, these studies were designed to examine the role of PG in sympathetically mediated renin release and also to indicate the approximate site at which they may participate in this action. The vasodilator, hydralazine, is known to stimulate renin release by reflex activation of the sympathetic nervous system (27, 28) . In this study, the decrease in blood pressure produced by hydralazine was associated with a reflex increase in heart rate and a fivefold increase in renin release. In contrast, the ganglionic blocker, chlorisondamine, caused a decrease in blood pressure similar to that produced by hydralazine; however, because the sympathetic ganglia were blocked, there was no reflex tachycardia and only a twofold increase in renin release. This small increase in renin release by chlorisondamine was produced by the reduced blood pressure which activated the intrarenal baroreceptor (34) . Thus, when the release of renin produced by hydralazine and chlorisondamine were compared, the data would indicate that the major component of the hydralazine-induced renin release is sympathetically mediated, and only a small component is baroreceptor mediated.
The PG synthetase inhibitors, indomethacin and meclofenamate, blocked this sympathetically mediated renin release produced by hydralazine without altering its effect on blood pressure. Because hydralazine has been found to decrease PG biosynthesis in rat renal medullary tissue in vitro (44) , it is unlikely that the drug could directly stimulate renin release by an action on the synthesis of PG. Thus, these findings indicate that renal PG participate in sympathetically mediated renin release by an action on renal nerve activity or by a direct action on the juxtaglomerular cells.
In the rat, the role of PG in the control of norepinephrine release after sympathetic nerve stimulation is controversial. Some investigators have found that PGE inhibits the release of norepinephrine and reduces the (Fig. 6 ). With these possibilities in mind, isoproterenol, a beta-adrenergic agonist, was used to directly stimulate juxtaglomerular beta receptors, thus bypassing the renal nerves. As with hydralazine, indomethacin inhibited isoproterenol-induced renin release without altering the associated hypotension or tachycardia. Thus, because classical beta-adrenergic blocking drugs inhibit not only the release of renin but also the tachycardia and hypotension caused by the beta-adrenergic agonist (50, 51) , it would appear unlikely that indomethacin is inhibiting renin release via blockade of beta-adrenergic receptors. Along these lines, Frolich et al. (52) also found that indomethacin could inhibit isoproterenol-induced renin release in normal subjects. These findings suggest that renal PG exert their 2 Malik, K. U. Personal communication.
action on sympathetically mediated renin release at a point in the juxtaglomerular cell distal to the betaadrenergic receptor (Fig. 6) .
Because the systemic administration of isoproterenol was associated with a profound hypotension, the possibility must be considered that the enhanced rate of renin release after isoproterenol was the result of not only juxtaglomerular cell beta-receptor activation but also baroreceptor activation. To eliminate the baroreceptor contribution to renin release, two types of experiments were performed: (a) isoproterenol was infused intraarterially in conscious rats in doses which stimulated the release of renin without altering systemic blood pressure, and (b) a selective beta,-adrenergic agonist, H133/22, (31) was used which released renin and increased heart rate through activation of beta, receptors yet failed to activate the beta2 receptors necessary for hypotension. In the absence of hypotension, indomethacin pretreatment inhibited these two types of renin release, again suggesting a role for renal PG in sympathetically mediated renin release.
This contention was further examined by testing the effect of indomethacin on dibutyryl cyclic AMP-stimulated renin release. Because this agent does not reduce arterial blood pressure but stimulates renin release in vivo and in vitro by a mechanism which is not inhibited by propranolol (32, 33) , it is thought to increase the release of renin by a direct action on juxtaglomerular cells. Indomethacin also inhibited dibutyryl cyclic AMP-stimulated renin release, which further suggested that PG mediated the sympathetically induced renin release via an action past the betaadrenergic receptor (Fig. 6 ). Along these lines, Lindgren et al. (53) reported that dibutyryl cyclic AMP increased the release of arachidonic acid and the formation of PG in cultured 3T3 fibroblasts.
In these studies, indomethacin inhibited several forms of sympathetically mediated renin release. This inhibitory effect of the drug seems to be related to its ability to inhibit PG synthesis because a similar effect was observed with meclofenamate, a structurally dissimilar PG synthesis inhibitor, and because in the doses used both compounds markedly inhibited the urinary excretion of PGE2 and PGF2<,, and arachidonateinduced hypotension. Thus, these data indicate that renal PG play an important role in sympathetically mediated renin release in the rat and act at a site distal to the beta-adrenergic receptor of the juxtaglomerular cell (Fig. 6 ). sera and Dr. J. E. Pike of The Upjohn Co. for the prostaglandins.
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